Introduction
============

Pancreatic cancer (PC) is the 10th most commonly diagnosed cancer in the world. In 2013, it was the fourth leading cause of deaths in the United States ([@b1-or-39-03-1081]). The 5-year overall survival rate in patients with PC is roughly 5%. Currently, surgery is considered to be the most effective treatment for these patients ([@b2-or-39-03-1081]). However, only 20% of patients diagnosed with pancreatic cancer are eligible to undergo the surgery ([@b3-or-39-03-1081]). For most patients with PC, long-term survival rates cannot be improved even after undergoing radical resection. Moreover, chemotherapeutic drugs, such as gemcitabine or fluorouracil/folinic acid have been demonstrated to be effective against PC. Single-agent gemcitabine is a first-line drug for treating patients with advanced pancreatic cancer or patients after R0 or R1 resection ([@b4-or-39-03-1081],[@b5-or-39-03-1081]). However, this treatment approach produces only modest improvements ([@b6-or-39-03-1081]).

Gemcitabine is a deoxycytidine analog and its cytotoxic activity is based on several activities of DNA synthesis ([@b4-or-39-03-1081],[@b7-or-39-03-1081]). To date, gemcitabine remains the cornerstone of neo-adjuvant, adjuvant and palliative therapy for PC ([@b7-or-39-03-1081]). Along with gemcitabine, erlotinib is the first additional drug used to improve the overall survival of patients with advanced pancreatic cancer ([@b4-or-39-03-1081]). Erlotinib is an oral small-molecule epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI), which can block the signal transduction pathway essential for cancer differentiation, proliferation, apoptosis, angiogenesis, invasion, and metastasis ([@b8-or-39-03-1081]). The combination of gemcitabine and erlotinib has been reasonably effective in treating patients with locally advanced or metastatic pancreatic cancer ([@b4-or-39-03-1081],[@b9-or-39-03-1081]). However, the mechanism of action of gemcitabine in combination with erlotinib in pancreatic cancer remains unknown and requires further investigation.

The Janus kinase/signal transducers and activators of transcription (JAK-STAT) pathway is the principal signaling mechanism for a wide array of cytokines and growth factors. JAK activation stimulates cell proliferation, differentiation, migration and apoptosis in mammals ([@b10-or-39-03-1081]). The activated JAKs subsequently phosphorylate additional targets, including both receptors and the major substrates, STATs. STATs are latent transcription factors that reside in the cytoplasm until activated. The seven mammalian STATs bear a conserved tyrosine residue near the C-terminus that is phosphorylated by JAKs. This phosphotyrosine permits the dimerization of STATs through interaction with a conserved SH2 domain ([@b10-or-39-03-1081]), which then enter the nucleus. Once in the nucleus, dimerized STATs bind specific regulatory sequences to activate or suppress transcription of target genes. Furthermore, the activation of the JAK-STAT pathway was determined to be associated with human pancreatic cancer ([@b11-or-39-03-1081]).

The present study investigated the effectiveness of gemcitabine in combination with erlotinib on recurrent pancreatic cancer growth *in vivo*. In this study, a nude mice model of orthotopic xenotransplantation after tumor resection was established using pancreatic cancer cell lines, BxPC-3 and PANC-1. Consequently, mice were divided in different experimental groups and treated for 3 weeks, after which the recurrent tumor tissues were dissected and analyzed *ex vivo*.

Materials and methods
=====================

### Cell lines

The human pancreatic cancer cell lines BxPC-3 and PANC-1 were purchased from the Chinese Academy of Sciences (Shanghai, China) and the American Type Culture Collection (ATCC, Manassas, VA, USA), respectively. Human pancreatic adenocarcinoma cell lines BxPC-3, and PANC-1 were both cultured in DMEM (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Inc.) in a humidified atmosphere containing 5% CO~2~/95% air at 37°C. For the animal experiments, the cells were trypsinized, resuspended in Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) at a concentration of 1×10^7^ cells/30 µl, and stored on ice until injection.

### Drugs

Erlotinib (Tarceva) was purchased from Roche Pharmaceutical Ltd. (Basel, Switzerland) as a fine powder, and was consequently dissolved in distilled water containing 6% (w/v) Captisol (Aoke Biotechnology, Ltd., Qingdao, China). Gemcitabine (Gemzar) was purchased from Eli Lilly and Company (Neuilly sur Seine, France) and dissolved in 0.9% saline solution.

### Orthotopic xenotransplantation of human pancreatic cancer cells and tumor resection

Four-week-old female nude mice weighing 18--20 g were obtained from Beijing HuaFuKang Bioscience Co., Ltd. (Beijing, China). All the animals were housed (acclimatized for 10 days in a sterile environment, in which bedding, food, and water were autoclaved) in an environment with a temperature of 22±1°C, relative humidity of 50±1% and a light/dark cycle of 12/12 h. All animal studies (including the mice euthanasia procedure) were performed in compliance with the regulations and guidelines of Guizhou Medical University Institutional Αnimal Care and conducted according to the AAALAC and the IACUC guidelines.

### Mice were divided in four groups (each with n=12)

After establishment of orthotopic xenotransplantation of human pancreatic cancer cells after tumor resection ([@b12-or-39-03-1081]) they were treated as follows: the control group received a placebo (0.9% saline, every three days) via intraperitoneal injection (i.p.); the administration of gemcitabine was performed via i.p. in the gemcitabine group (group G) (50 mg/kg i.p., twice a week) and erlotinib was administered by oral gavage in the erlotinib group (group E) (50 mg/kg oral gavage, once every three days). The mode of drug administration in the gemcitabine-erlotinib combination group (E+G group) was performed by oral gavage of erlotinib (50 mg/kg) on the first day and i.p. of gemcitabine (50 mg/kg) was administered the next day. On the third day, the mice were left to rest and then administration of the drugs continued in the next three days. The treatments lasted for 21 days, after which all mice were sacrificed and the tumors were examined *ex vivo* according to a previously described method ([@b24-or-39-03-1081]). A recurrent tumor was defined as a new tumor mass found during relaparotomy which was performed four weeks after the first surgery, removing all the tumor mass that was in the area where we inoculated.

### Physical measurements of tumor volume

At necropsy, the tumors were dissected away from the normal pancreas and their measured tumor volume was calculated as: volume (mm^3^) = (length × width^2^)/2 ([@b13-or-39-03-1081]).

### Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay

Paraffin blocks were cut into slices with 4-µm thickness. A TUNEL assay was conducted using a TUNEL apoptosis detection kit (Nanjing, KeyGen Biotech, Co., Ltd., Jiangsu, China) following the manufacturer\'s protocol. Paraffin sections were incubated with proteinase K at 37°C for 30 min. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide in methanol. Positive control sections were treated with DNase I 50 U/µl, while the negative control sections were incubated with label solution (without the terminal deoxynucleotidyl transferase enzyme). All the other sections were incubated with TUNEL reaction mixture at 37°C for 1 h in a humidity chamber. The conjugated horseradish peroxidase was visualized with diaminobenzidine. Finally, the sections were counterstained with hematoxylin and the images were captured in a positive position under the microscope BX51 (Olympus Corp., Tokyo, Japan). The results were expressed as the percentage of TUNEL-positive cells per ×40 magnification. A total of ten ×40 fields were examined from three tumors in each of the treatment groups.

### Western blot analysis

The tumor tissue was first laced in a homogenizer, and then on ice for homogenization with RIPA buffer containing a protease inhibitor cocktail and a phosphatase inhibitor cocktail (Beijing Solarbio Science & Technology, Co., Ltd., Beijing, China). The cell lysates were centrifuged and boiled with SDS loading buffer. Then the protein samples were subjected to SDS-polyacrylamide gel electrophoresis (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and electrophoretically transferred to 0.45-µm polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). After incubation with 5% non-fat dry milk in TBS containing 0.1% Tween-20 (TBST) for 1 h, the membranes were washed once with TBST and probed with the indicated primary antibodies overnight at 4°C. The following primary antibodies were used: anti-JAK1 (rabbit polyclonal; cat. no. AF5012), phospho-JAK1 (Tyr^1022^) (rabbit polyclonal; cat. no. AF2012), anti-JAK2 (rabbit polyclonal; cat. no. AF6022), phospho-JAK2 (Tyr^221^) (rabbit polyclonal; cat. no. AF3023), anti-JAK3 (mouse monoclonal; cat. no. BF0256), phospho-JAK3 (Tyr^981^) (rabbit polyclonal; cat. no. AF8160), phospho-STAT1 (Tyr^701^) (rabbit polyclonal; cat. no. AF3300) and anti-STAT1 (rabbit polyclonal; cat. no. AF6300) were all purchased from Affinity Biosciences (Cambridge, UK); anti-STAT3 (rabbit monoclonal; cat. no. ab76315), and anti-pSTAT3 Try^705^ (rabbit monoclonal; cat. no. ab68153) were obtained from Abcam (Cambridge, MA, USA); anti-HIF-1α (rabbit polyclonal; cat. no. BS3514) and anti-cyclin D1 (rabbit polyclonal; cat. no. BS6532) were purchased from Bioworld Technology Co., Ltd. (Nanjing, China); anti-p53 (rabbit, monoclonal; cat. no. 2527) was acquired from Cell Signaling Technology, Inc. (Danvers, MA, USA); while GAPDH was purchased from EarthOx Life Sciences (Millbrae, CA, USA). All the primary antibodies were diluted 1:500-1:1,000 in primary antibody dilution buffer (Beyotime Institute of Biotechnology, Haimen, China). The membranes were washed three times with TBST and incubated with a 1:1,000 dilution of horseradish peroxidase-conjugated anti-rabbit antibodies polyclonal antibodies (cat. no. SP-9001; ZSGB-BIO, Beijing, China) for 1 h. After being washed three times with TBST, the membranes were incubated with enhanced chemiluminescence substrate (ECL; Millipore) for 5 min. Chemiluminescent signals were visualized by exposing the membrane to ChemiDoc™™ XRS+ (Bio-Rad Laboratories, Inc.). Immunoblot analyses were performed at least three times for all the antibodies. The immune complexes were analyzed with ImageJ software (NIH, Bethesda, MD, USA) which assessed the band intensity and relative protein abundance.

### Immunohistochemical staining

The recurrent tumor tissues were fixed in 10% formalin at 4°C for 24 h and embedded in paraffin for immunohistochemistry analyses. The sections covered with tumor tissues were deparaffinized and rehydrated using xylene and an ethanol gradient. The following primary antibodies were used: anti-caspase-9 (rabbit polyclonal; bs-0049R) and anti-caspase-3 (rabbit polyclonal; bs-0081R), both purchased from BIOSS (Beijing, China). The primary antibodies were diluted 1:200 in PBS. Sections were incubated with active-caspase-9- and active-caspase-3 polyclonal antibodies (pAb), as well as a 1:3,000 dilution of horseradish peroxidase-conjugated anti-rabbit polyclonal antibodies (cat. no. 111-035-003; Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). Finally, the sections were counterstained with hematoxylin and images were captured in a positive position under the microscope BX51 (Olympus Corp.). The staining intensity and percentage of positive cells were calculated and scored in sections. The staining intensity of the active-caspase-9 and active-caspase-3-positive cells was divided into four grades: 'negative (−)'-, '+', '++' and '+++' and scored as 0, 1, 2 and 3, respectively. The positive cell percentages were divided into six categories: 'negative (−)', '1-20%', '21-40%', '41-60%', '61-80%' and '81-100%' and scored as 0, 1, 2, 3, 4, 5 and 6, respectively. Total scores of every visual field were determined using the formula: staining intensity scores of positive cells × percentage scores of positive cells = total scores of each visual field.

### Statistical analysis

Data were presented as the mean ± SD. Comparisons among groups were performed by one-way ANOVA followed by the least significant difference (LSD) test. Comparisons between two groups were analyzed using Student\'s t-tests. P\<0.05 was considered to indicate a statistically significant result. All statistical analyses were performed using SPSS statistical software package, version 17.0 (SPSS, Inc., Chicago, IL, USA).

Results
=======

### The combination of gemcitabine and erlotinib inhibit recurrent tumor growth in mice

To investigate the effect of the combination of gemcitabine and erlotinib on recurrent tumor *in vivo*, an orthotopic tumor model was established and validated using BxPC-3 and PANC-1 cell lines ([@b12-or-39-03-1081]). Briefly, recurrent and metastatic tumors were observed three weeks after tumor resection ([Fig. 1](#f1-or-39-03-1081){ref-type="fig"}). A significantly smaller tumor volume was observed in the group of mice treated with the combination of gemcitabine and erlotinib compared to the other groups (P\<0.05, for both cell lines) ([Fig. 1](#f1-or-39-03-1081){ref-type="fig"}). Hence, our data indicated that the combination of gemcitabine with erlotinib inhibited recurrent tumor growth more effectively than all the three other groups.

### The combination of gemcitabine and erlotinib induces tumor apoptosis in mice

To assess the apoptotic feature in recurrent tumors among groups, apoptotic cells were counted after TUNEL staining. Positive apoptotic cells were significantly increased in the mice treated with gemcitabine (group G) and erlotinib (group E) compared with the control group (group N) (P\<0.05, for both cell lines) ([Fig. 2](#f2-or-39-03-1081){ref-type="fig"}). In addition, positive apoptotic cells were significantly increased in the group of mice treated with a combination of gemcitabine-erlotinib (group E+G) compared with the monotherapy groups (group G and group E) (P\<0.05, for both cell lines). The apoptotic index in the BxPC-3 and PANC-1 cells in group N was 9.5±3.63 and 11.7±1.77, respectively. The ones in group E were 29.1±4.01 and 41.4±5.50, respectively. The ones in group G were 47.3±6.11 and 45.3±6.15), respectively. The ones in group E+G were 71.34±4.55 and 77.6±4.65), respectively ([Table I](#tI-or-39-03-1081){ref-type="table"}).

### The combination of gemcitabine and erlotinib suppresses the JAK-STAT signaling cascade

Since STAT3 activation is quite common in pancreatic cancer, and the phosphorylation of tyrosine residue 705 in the STAT3 protein is a crucial event for its activation ([@b14-or-39-03-1081]), we examined the effects of gemcitabine combination with erlotinib on the phosphorylation of STAT3. As shown in [Fig. 3A-D](#f3-or-39-03-1081){ref-type="fig"} the phosphorylation of the tyrosine 705 residue in the STAT3 protein was significantly lower in group E and group E+G compared to group N (P\<0.05). Phosphorylation levels of the STAT3 protein were decreased in group E+G compared with group E and group G, respectively ([Fig. 3A-D](#f3-or-39-03-1081){ref-type="fig"}). In addition, the difference in the phosphorylation of STAT3 between groups N and group G was not significant in both cell lines ([Fig. 3A-D](#f3-or-39-03-1081){ref-type="fig"}).

Next, we evaluated the expression levels of p53, a molecule strongly associated with tumor growth and the phosphorylation of STAT3 and STAT1. Upstream of STAT3, the expression levels of JAK1, JAK2, JAK3 were also evaluated ([Fig. 3](#f3-or-39-03-1081){ref-type="fig"}). The expression level of p53 was significantly lower in group E+G compared with group G or group E, respectively, and it was significantly lower in group G, group E and group E+G when they were compared with group N in both cell lines. The phosphorylation level of JAK1 was lower in group G, group E and group E+G when they were compared with group N in both cell lines, and it was also lower when group E+G was compared with group E. The phosphorylation level of JAK2 was significantly lower in group E+G when it was compared with group N or group G in recurrent tumors of the BxPC-3 cell line. While in recurrent tumors of the PANC-1 cell line, the phosphorylation level of JAK2 was significantly lower in group E+G when it was compared with group N or group E, and it was also lower in group G when it was compared with group N. As for the phosphorylation level of JAK3, it was lower in group E, group G or group E+G when they were compared with group N in both cell lines, respectively. In recurrent tumors of the BxPC-3 cell line, the phosphorylation level of JAK3 was lower in group E+G when compared with groups E, G and N respectively. The phosphorylation level of JAK3 was decreased in group E+G when compared with groups E and G, respectively. In recurrent tumors of PANC-1 cell line, the phosphorylation level of JAK3 in group N was higher than that of the other groups. However, no significant difference in the phosphorylation level of JAK3 was found between group E+G and group E or group G, respectively. The phosphorylation level of STAT1 was significantly lower in group E+G when it was compared with group N, group E or group G, respectively. In addition, it was higher in group E when it was compared with group N, group G and group E+G in recurrent tumors of the BxPC-3 cell line, respectively. In the PANC-1 cell line recurrent tumors, the phosphorylation level of STAT1 was significantly lower in group N when it was compared with group E and group G, respectively. Furthermore, it was also significantly lower in group E+G when it was compared with group E and group G in recurrent tumors of the PANC-1 cell line, respectively.

Furthermore, we evaluated the expression level of cyclin D1 and HIF-1α, downstream proteins of STAT3. We found that the expression level of cyclin D1 was significantly lower in group E+G than that in the monotherapy groups in recurrent tumors of the BxPC-3 cell line. The expression level of cyclin D1 was higher in group N when it was compared with the monotherapy groups. Cyclin D1 was lower in group E+G when it was compared with group G in recurrent tumors of the PANC-1 cell line. The expression level of HIF-1α was found to be significantly lower in group E+G than in any of the other three groups and the expression level of HIF-1α was found to be in recurrent tumors of the BxPC-3 cell line, significantly lower in group G than in group N (P\<0.05) in recurrent tumors of the PANC-1 cell line ([Fig. 3A-D](#f3-or-39-03-1081){ref-type="fig"}).

### The combination of gemcitabine with erlotinib induces apoptosis of pancreatic cancer cells via caspase-dependent pathway

It was reported that reduction in STAT3 phosphorylation at tyrosine 705 residue could cause activation of caspase-9 and caspase-3 ([@b15-or-39-03-1081]). In the present study, we investigated the state of caspase-9 and caspase-3 by immunohistochemistry in all groups. Our data indicated that caspase-9 and caspase-3 were activated in mice bearing BxPC-3 and PANC-1 xenografts and treated with gemcitabine and erlotinib compared to the other groups ([Figs. 4](#f4-or-39-03-1081){ref-type="fig"} and [5](#f5-or-39-03-1081){ref-type="fig"}). These results indicated that the combination of gemcitabine and erlotinib induced apoptosis of pancreatic cancer cells via caspase-dependent pathway.

Discussion
==========

In patients with pancreatic cancer following R0 or R1 resection, benefits from chemotherapy after surgery are usually very modest. Compared to single-agent gemcitabine treatment, gemcitabine in combination with erlotinib has been demonstrated to be effective for advanced pancreatic cancer. Nonetheless, its effectiveness in patients with PC after R0 or R1 resection has not yet been reported. Poor penetration of drugs into the dense and under vascularized tumor stroma in pancreatic cancer patients leads to poor response to chemotherapy. It has been reported that gemcitabine in combination with erlotinib is additive in the KRAS--mutated pancreatic cancer cells PANC-1, whereas it is antagonistic in the KRAS wild-type pancreatic cancer cell line BxPC-3 ([@b16-or-39-03-1081]). However, the effect of gemcitabine in combination with erlotinib on recurrent tumor remains unknown. We hypothesized that gemcitabine in combination with erlotinib may also be effective for patients after resection due to better penetration of drugs into the tumor stroma. Herein, we explored its effect on recurrent tumors in a nude mouse model after resection. We found that gemcitabine in combination with erlotinib could inhibit tumor growth and induce apoptosis more effectively than gemcitabine or erlotinib alone, or the control group *in vivo*. The underlying mechanism may be JAK-STAT pathway inhibition induced by gemcitabine in combination with erlotinib.

As we aforementioned, the JAK-STAT pathway is very important in tumor proliferation. In the present study, we determined that the phosphorylation levels of JAK1, JAK2, JAK3 and their downstream STAT1 and STAT3 were significantly decreased in the E+G group. STAT1, a member of the family of STAT, has been reported to be expressed in 88% of primary pancreatic cancer patients ([@b17-or-39-03-1081]). Reduced phospho-STAT1 has been reported to attenuate tumor growth and metastasis through downregulation of MUC4 mucin in pancreatic cancer ([@b18-or-39-03-1081]). In our study, we revealed that gemcitabine in combination with erlotinib could lower the phosphorylation level of STAT1. These results revealed that gemcitabine in combination with erlotinib could also inhibit recurrent pancreatic cancer tumor growth by decreasing the phosphorylation levels of STAT1.

The phosphorylation of the tyrosine 705 residue in the STAT3 protein is a crucial event for its activation, that leads to formation of STAT3 homodimers and translocation into the nuclei ([@b14-or-39-03-1081]). Nuclear localized STAT3 dimers bind to the promoters of various target genes, which are involved in cancer cell proliferation, survival and invasion, and regulate their transcription. ([@b19-or-39-03-1081]). Nagaraj *et al* reported that gemcitabine in combination with erlotinib could not inhibit the phosphorylation of the serine 727 residue in STAT3 *in vitro* ([@b20-or-39-03-1081]); while we found that gemcitabine in combination with erlotinib could inhibit the phosphorylation of tyrosine residue 705 in STAT3. Phosphorylation of tyrosine residue 705 or serine residue 727 in STAT3 may function differently, some genes may be preferentially regulated by only one or both phosphorylation of tyrosine residue 705 or serine residue 727 in STAT3 ([@b21-or-39-03-1081]). The different roles that phosphorylation of tyrosine residue 705 or serine residue 727 in STAT3 may play in pancreatic cancer still remain unclear. We also determined that the expression of STAT3 downstream proteins, cyclin D1 and HIF-1α were downregulated. Reduction in STAT3 phosphorylation at tyrosine residue 705 could cause activation of caspase-9 and caspase-3, while apoptotic signaling could be mediated via activation of the cell death initiator procaspase-9, whereas activated caspase-9 in turn cleaves executioner caspase-3 ([@b15-or-39-03-1081],[@b20-or-39-03-1081]). The stroma of pancreatic cancer is often hypoxic, as indicated by the increased expression of HIF-1α in stromal cells from human tumor sections, and HIF-1α expression was revealed to be correlated with tumor size, worse prognosis, advanced stage, presence of lymph node metastasis, and a higher incidence of hepatic metastasis in pancreatic cancer ([@b22-or-39-03-1081]). In addition, during a study that monitored HIF-1α activity *in vivo* during tumor progression by using a human pancreatic cancer line engineered to express a reporter of HIF-1α activity, the authors observed that the activity of HIF-1α was accompanied by local invasion, peritoneal dissemination, and liver metastasis of pancreatic cells ([@b23-or-39-03-1081]). Thus, a decreased expression level of HIF-1α by gemcitabine in combination with erlotinib may also inhibit recurrent tumor growth.

The p53 protein is an important tumor-suppressor gene, which can arrest cell cycle progression at several points and induce apoptosis for cells undergoing uncontrolled growth ([@b24-or-39-03-1081]). However, p53 mutants possess tumor-promoting functions ([@b25-or-39-03-1081]). Loss or mutation of p53 occurs in 50% of human pancreatic cancers ([@b26-or-39-03-1081]), including BxPC-3 and PANC-1 cells ([@b27-or-39-03-1081]). It has been determined that STAT3 binds to the p53 promoter *in vitro* and *in vivo*, while blocking STAT3 in cancer cells upregulating the expression of p53, thus leading to p53-mediated tumor cell apoptosis ([@b28-or-39-03-1081]). In the present study, we determined that reduced phosphorylation of STAT3 did not increase the expression of p53. Conversely, the expression of p53 was decreased in the gemcitabine in combination with erlotinib group. This may indicate that gemcitabine in combination with erlotinib may also inhibit tumor growth via downregulation of p53.

Cyclin D1 is an important regulator of cyclin-dependent kinase 4 (CDK4) and CDK6. It regulates cell cycle transition from the G1 to the S phase, where overexpression of cyclin D1 results in dysregulated CDK activity, rapid cell growth under restricted mitogenic signaling conditions, bypass of key cellular checkpoints, and ultimately, neoplastic growth ([@b29-or-39-03-1081]). Hypoxia is most commonly present in the solid tumor microenvironment, and especially in pancreatic cancer. Hypoxia-inducible factor-1 (HIF-1; consists of highly regulated HIF-1a and a constitutively expressed HIF-1b) is the most important transcription factor resulting from intratumoral hypoxia, which can mediate many adaptive physiological responses ([@b22-or-39-03-1081],[@b30-or-39-03-1081]). In pancreatic cancer, HIF-1a expression levels are associated with tumor progression, fibrotic focus, angiogenesis, cell migration, and hepatic metastasis ([@b22-or-39-03-1081],[@b30-or-39-03-1081]). Cyclin D1 and HIF-1α are both downstream proteins of STAT3. Decrease in the phosphorylation of STAT3 led to downregulation of cyclin D1 and HIF-1α, thus inhibiting tumor growth.

Our results indicated that gemcitabine in combination with erlotinib decreased the expression of p53 and the phosphorylation of tyrosine residue 705 in STAT3, which led to downregulation of cyclin D1 and HIF-1α and activation of both caspase-9 and caspase-3. Downregulation of cyclin D1 and HIF-1α contributed to the inhibition of G1/S cell cycle transition and angiogenesis. Activation of caspase-9 and caspase-3 resulted in apoptosis of pancreatic cancer cells. Decreased expression of p53 could also decrease its tumor-promoting ability.

The heterogeneity of genetic alterations associated with pancreatic cancer emphasizes the need to identify whether the aforementioned treatment could function for pancreatic cancer cells of different genetic background. In the present study, we used two pancreatic cancer cell lines; BxPC-3 with wild-type KRAS, and PANC-1 with mutated type KRAS. KRAS mutation exists in almost 90% of pancreatic cancer cells, which leads to constitutive activation of Ras signaling and resistance to TKI ([@b31-or-39-03-1081],[@b32-or-39-03-1081]). Notably, we revealed that gemcitabine in combination with erlotinib could inhibit phosphorylation of tyrosine 705 residue in STAT3 in recurrent tumors of both cell lines. This suggests that inhibition of the phosphorylation of the 705 tyrosine residue in STAT3 by gemcitabine in combination with erlotinib does not depend on the state of KRAS.

Our results clearly revealed that the combination of gemcitabine and erlotinib could inhibit recurrent pancreatic tumor growth via downregulation of the phosphorylation levels of JAKs and STATs and as a result to induce apoptosis of pancreatic cancer cells ([Fig. 6](#f6-or-39-03-1081){ref-type="fig"}). Collectively, our findings provide compelling evidence for the use of gemcitabine in combination with erlotinib in the treatment of pancreatic cancer after R0 or R1 resection, and this combination may be used as a more effective treatment for pancreatic cancer after R0 or R1 resection than gemcitabine alone.

The present study was supported by Guizhou Province Science and Technology Projects \[(2014)2015 and (2016)7232\]. We would like to thank the Central Laboratory at Yongchuan Hospital, Chongqing Medical University and Clinical Research Center, Affiliated Hospital of Guizhou Medical University for housing all the experiments.

i.p.

:   intraperitoneal injection

PC

:   pancreatic cancer

EGFR

:   epidermal growth factor receptor

TKI

:   tyrosine kinase inhibitor

JAK

:   Janus kinase

STAT

:   signal transducers and activators of transcription

TUNEL

:   terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling

TBST

:   TBS containing 0.1% Tween-20

CDK4

:   cyclin-dependent kinase 4

HIF-1

:   hypoxia-inducible factor-1

![The combination of gemcitabine and erlotinib inhibits tumor growth *in vivo*. (A and B) The tumor volume data calculated by the standard tumor volume formula \[(l × w^2^)/2\]. (C and D) The tumor volume data calculated during the last day of treatment. \*P\<0.05 indicates the negative controls vs. the treatment groups. ^\#^P\<0.05 indicates the monotherapy (E or G) vs. the combination (E+G) groups. (E-H) The metastatic tumors in the abdominal cavity were observed three weeks after tumor resection in mice bearing BxPC-3 and PANC-1 xenografts. E, erlotinib; G, gemcitabine; N, negative control.](OR-39-03-1081-g00){#f1-or-39-03-1081}

![Tumor apoptosis detection in four experimental groups. (A and B) TUNEL in tumor tissue sections from different treatment groups revealed increased apoptosis in the monotherapy and in the combination treatment groups. Lower panels displayed higher magnification (original magnification, ×100) of the boxed areas in the upper panels. Scale bars, 10 µm. (C and D) The apoptotic index was higher in the E+G group compared with the E or G group, in both BxPC-3 and PANC-1 cells. Quantification of TUNEL-positive cells in pancreatic cancer tumors. A total of ten ×40 fields were examined from three tumors in each of the treatment groups. \*P\<0.05 denotes the controls vs. the treatment groups. ^\#^P\<0.05 denotes the monotherapy (E or G) vs. the combination (E+G) treatment groups.](OR-39-03-1081-g01){#f2-or-39-03-1081}

![The gemcitabine-erlotinib (E+G) combination group inhibits the activity of the JAK-STAT pathway, as well as the expression of downstream HIF-1α, cyclin D1 and p53. (A and B) The protein levels of phosphorylated STAT3 Tyr^705^ (p-STAT3 Tyr^705^), HIF-1α, p53, cyclin D1 in BxPC-3 and PANC-1 cells were analyzed by western blotting, respectively. (C and D) The protein expression of p-STAT3 Tyr^705^, HIF-1α, p53, cyclin D1 in BxPC-3 and PANC-1 cells was calculated using one-way ANOVA. \*P\<0.05 denotes the controls vs. the treatment groups. ^\#^P\<0.05 denotes the monotherapy (E or G) vs. the combination (E+G) groups. (E) Phosphorylation levels of JAK1 (Tyr^1022^), JAK2 (Tyr^221^), JAK3(Tyr^981^) and STAT3 (Tyr^701^) in BxPC-3 and PANC-1 cells were analyzed by western blotting, respectively. (F and G) The protein intensity of phospho-JAK1 (p-JAK1), p-JAK2 and p-JAK3 in BxPC-3 and PANC-1 cells was calculated using one-way ANOVA. ^\#^P\<0.01; \*P\<0.05. (H) The protein intensity of p-STAT1 in BxPC-3 and PANC-1 cells was assessed using one-way ANOVA. ^\#^P\<0.01, \*P\<0.05. E, erlotinib; G, gemcitabine.](OR-39-03-1081-g02){#f3-or-39-03-1081}

![Gemcitabine in combination with erlotinib in recurrent tumors of BxPC-3 cells induces increased activity of caspase-3 and caspase-9. (A and B) Immunohistochemical staining of active caspase-9 and active caspase-3 in tumor tissue sections revealed active caspase-9 activation by combination treatment and active-caspase-3 activation by either monotherapy and by combination treatment in the BxPC-3 cells. Lower panels displayed higher magnification (original magnification, ×400) of the boxed areas in the upper panels. Scale bars, 10 µm. (C and D) Visual fields ([@b4-or-39-03-1081]--[@b6-or-39-03-1081]) in each section of irradiation were photographed. The staining intensity and the percentage of positive cells were calculated and scored in each section. The total scores of each visual field were first analyzed using the homogeneity of variance test, followed by the change of variable test. The scores were presented as the mean ± SD. GraphPad Prism 5 was used to plot cartograms. \*P\<0.05 denotes the controls vs. the treatment groups. ^\#^P\<0.05 denotes the monotherapy (E or G) vs. the combination (E+G) groups.](OR-39-03-1081-g03){#f4-or-39-03-1081}

![Gemcitabine in combination with erlotinib in recurrent tumors of PANC-1 cells induces increased activity of caspase-3 and caspase-9. (A and B) Immunohistochemical staining of active caspase-9 and active caspase-3 in tumor tissue sections revealed active caspase-9 activation by either the monotherapy and by the combination treatment and active-caspase-3 activation by erlotinib monotherapy and by the combination treatment in PANC-1 cells. Lower panels displayed higher magnification (original magnification, ×400) of the boxed areas in the upper panels. Scale bars, 10 µm. (C and D) Visual fields ([@b4-or-39-03-1081]--[@b6-or-39-03-1081]) in each section of irradiation were photographed. The staining intensity and the percentage of positive cells were calculated and scored in each section. The total scores in each visual field were first analyzed using the homogeneity of variance test, followed by the change of variable test. The scores were presented as the mean ± SD. GraphPad Prism 5 was used to plot cartograms. \*P\<0.05 indicates the controls vs. the treatment groups. ^\#^P\<0.05 indicates the monotherapy (E or G) vs. the combination (E+G) groups.](OR-39-03-1081-g04){#f5-or-39-03-1081}

![Schematic representation indicates that gemcitabine-erlotinib combination inhibits recurrent pancreatic tumor growth via JAK/STAT signaling. The gemcitabine-erlotinib combination significantly suppressed the phosphorylation levels of JAK1, JAK2, JAK3 as well as downstream STAT3 and STAT1 and eventually inhibited the growth of recurrent pancreatic tumors.](OR-39-03-1081-g05){#f6-or-39-03-1081}

###### 

Apoptotic index in recurrent tumors of both BxPC-3 and PANC-1 cells.

  Cell line   N group (mean ± SD)   G group (mean ± SD)   E group (mean ± SD)   E+G group (mean ± SD)   P-value
  ----------- --------------------- --------------------- --------------------- ----------------------- --------------------------------------------------------
  BxPC-3      9.5±3.63              47.3±6.11             29.1±4.01             71.34±4.55              P\<0.05^[a](#tfn1-or-39-03-1081){ref-type="table-fn"}^
  PANC-1      11.7±1.77             45.3±6.15             41.4±5.50             77.6±4.65               P\<0.05^[a](#tfn1-or-39-03-1081){ref-type="table-fn"}^

One-way ANOVA.

[^1]: Contributed equally
